ABSTRACT The braking deceleration process of a compound power-split hybrid electrical vehicle is often accompanied by the switching process from electronic-continuously variable transmission (e-CVT) hybrid mode to pure electric mode. To reduce the impact of engine shutdowns on the powertrain, and improve the ride comfort of the vehicle, this study proposes a mode transition coordinated control strategy for the braking deceleration process of a compound power-split hybrid system. First, a powertrain dynamics model and resistance torque model of the engine shutdown process are established. Second, the driver's intention is identified, and the braking deceleration process is analyzed. Subsequently, the mode transition coordinated control strategy of e-CVT hybrid mode to pure electric mode is proposed and designed to distribute the output torque of each power source reasonably. Specifically, the optimal speed trajectory of the engine when it is dragged is designed based on a dynamic programming algorithm and is tracked with a model predictive control algorithm. Simulations and tests on a dynamic performance test bench show that the established control strategy can reduce the longitudinal jerk of the vehicle under the premise of satisfying driver braking demand. This effectively improves the ride comfort of the vehicle during mode transition.
I. INTRODUCTION
A power-split hybrid system couples the motor/generator (MG) to the engine through planetary gear sets to achieve the electronic-continuously variable transmission (e-CVT) hybrid mode and decouple the speed/torque of the engine and wheels [1] . Further, the power-split hybrid system is widely used in hybrid electrical vehicles (HEVs), because it has the advantages of both series and parallel hybrid systems [2] . In e-CVT hybrid mode, the planetary gear sets can adjust the engine torque through motors, which results in efficient engine operation and improves the vehicle fuel economy [3] .
To adapt to different vehicle driving conditions and improve the system working efficiency, the power-split hybrid system needs to select an optimal working mode and switch frequently between different modes [4] . The braking deceleration process of a power-split HEV is often accompanied by the switching process from e-CVT hybrid mode
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to pure electric mode. The coordination between different power sources [5] , [6] and the fluctuation of the output torque caused by engine shutdowns [7] - [9] significantly affect the ride comfort during mode transition.
To reduce the longitudinal jerks of vehicles during mode transition and improve the ride comfort, the motor compensation method [10] - [15] , active damping control method [16] - [18] and feedback method [19] - [21] have been widely used in the design of mode transition coordinated control strategies. Although the above methods are effective for suppressing the vibration of some transmission systems, they are not significant for a power-split system in which the engine is directly connected to the powertrain by a torsional damper spring. Hwang [7] established the engine ripple torque (ERT) model and proposed several antivibration control strategies to reduce the engine torque fluctuation and vibration. Zeng et al. [22] analyzed the causes of vehicle jerk and improved the ride comfort by limiting the power source torque changing rate. Zeng et al. [23] proposed a dynamic coordination control strategy based on a prediction model and estimated the engine torque based on a nonlinear observer for the mode switching process of a power-split hybrid system. Su et al. [24] proposed a dynamic coordinated control strategy that included a staged engine torque feedforward and feedback estimation and the active damping feedback compensation based on a real-time nonlinear reduced-order robust observer. However, more attention should be paid to the optimal methods for the control of engine start-stop during mode transition.
To control the engine start-up during mode transition, many measures have been taken to improve the engine start-up performance. Zhuang et al. [25] applied a dynamic programming algorithm to solve the optimal engine speed-up curve, taking the mode transition time and the driver torque demands into account. Huang et al. [26] analyzed the engine start process by an engine start acceleration model and used feedback control to track the designed engine speed trajectory. Liu et al. [27] proposed that engine starting characteristics affect the longitudinal vibration of the entire vehicle. However, most of the studies focused on the switching process from pure electric mode to e-CVT hybrid mode and paid significant attention to the starting process of the engine without taking into account the mode transition control from e-CVT hybrid mode to pure electric mode on the braking deceleration condition.
Different from the above studies, this paper presents a design for a mode transition coordinated control strategy of the switching process from e-CVT hybrid mode to pure electric mode for a compound power-split HEV, and contains the following four major contributions:
(1) A powertrain dynamics model and resistance torque model of the engine shutdown process are established.
(2) The driver's intention is identified using a fuzzy controller to determine the demand braking intensity and braking torque. The braking deceleration process of the compound power-split HEV is analyzed, and a braking deceleration strategy matching the mode switching process is presented.
(3) A mode transition coordinated control strategy of e-CVT hybrid mode to pure electric mode is proposed and designed to distribute the output torque of each power source reasonably. The fluctuations in the output speed of the transmission are restrained based on the active damping control method.
(4) The optimal speed trajectory of the engine when it is dragged is designed based on the dynamic programming algorithm, and is tracked with the model predictive control algorithm.
The rest of this paper is organized as follows: In Section II, a powertrain model and resistance torque model of the engine shutdown process are established through dynamics and kinematics analyses. In Section III, the driver's intention is identified, and the braking deceleration strategy matching the mode switching process is presented. In Section IV, the mode transition coordinated control strategy of e-CVT hybrid mode to pure electric mode is proposed in detail, including the determination of the motor torque, design of the optimal engine speed trajectory, and tracking control of the optimal engine speed trajectory. In Section V, simulations and analyses are provided based on the MATLAB/Simulink platform. In Section VI, the proposed strategy is validated by tests on a dynamic performance test bench. Finally, the conclusions are presented in Section VII.
II. DYNAMIC MODELING AND ANALYSIS OF COMPOUND POWER-SPLIT SYSTEM
The configuration of the compound power-split system studied in this paper is shown in Fig. 1 , which consists of an engine, two MGs, and a compound power-split device [28] . The small sun gear S1 of the front planetary gear set is connected to MG1, the large sun gear S2 of the rear planetary gear set is connected to MG2, and two planetary gear sets are connected by the shared carrier C1 connected to the engine and the shared ring gear R1 connected to the output shaft. The wet brakes B1 and B2 are used to lock the carrier and MG1, respectively.
A. POWERTRAIN MODEL
To facilitate the model establishment and solution, the compound power-split system in Fig. 1 is simplified to the rigid model as shown in Fig. 2 , ignoring the stiffness and damping of each shaft, and integrating the moment of inertia of each gear into the component to which it is connected [29] , [30] . The powertrain kinetic equations are as follows:
(1) where T , I , andθ represent the torque, moment of inertia, and angular acceleration, respectively; and L represents the equivalent load of the output.
According to a kinematics analysis, the relationships of the angular accelerations are as follows:
where i 1 and i 2 represent the gear ratios of the front and rear planetary gear sets, respectively. The torque balance equations of the transmission system are as follows:
The key parameters are listed in Table 1 .
B. ENGINE RESISTANCE TORQUE MODEL
In the compound power-split system studied in this paper, because the engine is directly connected to the powertrain by a torsional damper spring, the engine resistance torque acts on the powertrain straightway during the engine shutdown process. Therefore, an accurate engine resistance torque model must be established to fully reflect the dynamic characteristics of the system. The engine resistance torque mainly consists of the pump torque, piston reciprocating inertia torque, and piston and valve friction torque [7] , [24] , and [31] . As shown in Fig. 3 , an engine resistance torque model can be established with a method of experiment and theory.
In the engine resistance torque model, T P represents the pump torque, and P represents the pumping pressure, which is measured by tests and is related to crank angle α and engine speedθ ENG . T r represents the piston reciprocating inertia torque, which is obtained directly by calculations. T f represents the piston and valve friction torque, including the static friction torque T fs related to α and the dynamic friction torque T fd related toθ ENG . Finally, the engine resistance torque model is corrected by engine dragging tests. A P , P 0 , r, and l represent the top area of the piston, environment pressure, crankshaft radius, and connection rod length, respectively. l v = l 2 − (r sin α) 2 , and m cy is the equivalent piston mass. As shown in Fig. 4 , the engine resistance torque is related to crank angle α and engine speedθ ENG .
C. PROBLEM STATEMENT
Because there is no clutch between the engine and the powertrain in the compound power-split system studied in this paper, the underdamping characteristic of the system is obvious. The ripple torque of the engine at low speed directly acts on the powertrain, which leads to poor ride comfort during the engine shutdown process. As shown in Fig. 5 , when the HEV decelerates with a constant brake pedal opening of 30%, the engine stops at an engine speed of 1100 r/min, and then the engine speed decreases with fluctuations. The hybrid system switches from e-CVT hybrid mode to pure electric mode, and the maximum amplitude of the vehicle jerk is about 50 m/s 3 , which significantly affects the ride comfort. Therefore, diminishing the effect of engine shutdowns on the mode transition and then reducing the longitudinal jerk of the HEV during the braking deceleration process are necessary.
III. ANALYSIS OF BRAKING DECELERATION PROCESS FOR A COMPOUND POWER-SPLIT HEV A. IDENTIFICATION OF DRIVER'S INTENTION
Under normal braking conditions, the driver needs to take action on the brake pedal in order to achieve the braking deceleration intention. Therefore, as shown in Table 2 , the driver's intention can be identified in real time by establishing a fuzzy controller in which the brake pedal opening and its change rate are set as the input parameters, and the demand braking intensity is set as the output parameter [32] - [34] . Fig. 6 shows the relationship between three parameters. According to (4) and (9)- (11), the demand angular acceleration of the equivalent output shaftθ L_Des and the demand braking torque T R1 are determined by the driver's demand braking intensity z.
a wh r wh i F =θ L_Des (10) (11) where v wh and a wh represent the vehicle speed and acceleration, respectively. g represents the gravitational acceleration, FIGURE 6. Relationship between brake pedal opening, brake pedal opening change rate and demand braking intensity.
FIGURE 7.
Mode transition process for braking deceleration condition.
r wh represents the wheel radius, and ϕ represents the road slope.
B. ANALYSIS OF BRAKING DECELERATION PROCESS
According to the working characteristics and braking intensity, the braking deceleration process of the compound power-split HEV is divided into three different situations: emergency brake (z ≥ 0.7), medium brake (0.15 ≤ z ≤ 0.7), and smooth brake (z ≤ 0.15) [32] , [35] . During the braking deceleration process, if the system is working in e-CVT hybrid mode, the engine will definitely participate in the entire process because of the structural particularity. When the battery state-of-charge (SOC) is at least 0.8, the mechanical brake and engine auxiliary brake are enabled, and the motor regenerative braking torque is set to 0. When the battery SOC is lower than 0.8, the system takes actions according to the braking intensity as follows:
(1) If the system is in the emergency brake condition (z ≥ 0.7), the engine will immediately cut off the fuel and slow down. The motor regenerative braking torque is set to 0 for VOLUME 7, 2019 braking safety, and the mechanical brake is only enabled to meet the braking demand.
(2) If the system is in the medium brake (0.15 ≤ z ≤ 0.7) or smooth brake (z ≤ 0.15) condition, to maximize the regenerative energy, the motor regenerative brake will be enabled in priority. The mechanical brake participates when the motor regenerative braking torque is not sufficient to meet the braking demand. In addition, according to Fig. 7 , the engine stops when the mode transition conditions are satisfied.
As shown in Fig. 8 , a lever diagram [36] that describes the kinematic and dynamic relations of the planetary gear sets is applied to analyze the mode transition process, including the e-CVT hybrid mode, engine-dragging mode, and pure electric mode. The speed of the component is represented by the displacement of the pivot point, and the torque of the component is represented by the force on the pivot point. In e-CVT hybrid mode, the engine does not cut off the fuel and still operates when the vehicle brakes. The motors drag the engine and the output shaft to slow down, maintain the lever balance, and recycle the braking energy.
When the vehicle speed and engine speed satisfy the mode transition conditions, the engine cuts off the fuel and the engine resistance torque (which changes with the engine speed and the crank angle) acts on the powertrain. The motors overcome the engine resistance torque and drag the engine to slow down while ensuring the braking efficiency and recycling the braking energy. When the engine speed reaches zero, the system switches to pure electric mode, and wet brake B1 is engaged to lock the engine in case it is motored. The motors output negative torque to recycle the braking energy and meet the braking demand, and wet brake B1 provides positive or negative torque passively to maintain the lever balance.
IV. COORDINATED CONTROL OF MODE TRANSITION ON BRAKING DECELERATION CONDITION
To reduce the longitudinal jerks caused by engine shutdowns during the mode transition process from e-CVT hybrid mode to pure electric mode, a mode transition coordinated control strategy for the braking deceleration process is proposed, as shown in Fig. 9 . This mainly includes two parts: the analysis of the driver's demand torque, and the determination of the motor torque. The control objective is to improve the ride comfort during mode transition by the motor torque control under the premise of meeting the braking efficiency of the vehicle, and to drag the engine speed to zero simultaneously.
A. DETERMINATION OF MOTOR TORQUE
During the mode transition process, the desired motor torque can be divided into three parts: regenerative braking torque, torque dragging the engine, and compensation torque.
Considering the mechanical transmission efficiency of the planetary gear sets, (8) is rewritten as (12):
where η 1 and η 2 represent the mechanical transmission efficiencies of the front and rear planetary gear sets, respectively. The regenerative braking torque is used to meet the braking efficiency and can be calculated according to (1)- (7) and (12):
where T MG1_Re and T MG2_Re represent the regenerative braking torques of MG1 and MG2, respectively.θ L_Des is obtained from (10) andθ ENG is assumed to be zero. Limited by the motor torque and battery discharge power, the mechanical brake is enabled when the motor regenerative braking torque is not sufficient to meet the braking demand. The torque dragging the engine is used to drag the engine to zero speed, which is calculated in real time based on the model predictive control in section IV-C to track the optimal engine speed trajectory designed in section IV-B.
The compensation torque is used to restrain the speed fluctuations of the output shaft. Because there is only a torsional damper spring between the engine and the planet carrier, and the drive shaft and half shaft are elastic, the simplified model has some deviations:θ ENG =θ C1 andθ L =θ R1 . Therefore, to compensate for the control deviations, it is necessary to estimate the torque of the planet carrier at the input end of the compound power-split device and to apply the active damping control strategy to suppress the speed fluctuations of the ring gear at the output end.
According to (1)- (7) and (12), the torque of the planet carrier can be estimated as follows:
The speed of the equivalent output shaft is estimated by the speed of the ring gear, as follows:
where G represents the transfer function. c TI and k TI represent the damping coefficient and torsional stiffness of the tire and half shaft, respectively. The desired compensation torque of the ring gear T R1_comp is obtained by a PID controller with the difference between the speed of the equivalent output shaft (which is the reference speed of the ring gear) and the actual speed of the ring VOLUME 7, 2019 gear. Then the compensation torques of MG1 and MG2 are calculated as follows:
T MG2_Comp
B. DESIGN OF OPTIMAL ENGINE SPEED TRAJECTORY
The low-speed pulsating resistance torque output after engine shutdown is one of the important reasons for the poor ride comfort during the mode transition process. Designing the optimal speed trajectory of the engine can reduce the jerk caused by engine shutdowns for the compound power-split system. Different from the traditional ''S'' curve [37] , after determining the initial and ending states, solving the optimal engine speed trajectory is transformed into an optimal control problem and is solved by using a dynamic programming algorithm. Considering the vehicle longitudinal jerk obtained from the change rate of the vehicle longitudinal acceleration, the Vibration Dose Value (VDV) is chosen as the vehicle ride comfort evaluation index, and the cost function is written as follows:
where λ 1 and λ 2 represent the weight coefficients. When dragging the engine, the motor torque should meet the following constraints: (23) where T MG1_crankmin , T MG1_crank max , T MG2_crankmin , and T MG2_crank max represent the minimal and maximal allowable torques of MG1 and MG2 when dragging the engine, respectively.
According to (1)- (7) and (12), the angular accelerations of the engine and the equivalent output shaft are (24) and (25) , as shown at the top of the next page, where
Since the mode transition period is short, the equivalent output load torque T L during the mode transition is regarded as a constant value, and the engine resistance torque T ENG is obtained in real time by the engine resistance torque model. The engine speedθ ENG and crank angle α are selected as state variables, and the state is discretized with the period T s .
The design of the optimal engine speed trajectory is shown in Fig. 10 . First, the range of the engine speed is divided into M groups equally, and the range of the crank angle is divided into N groups equally, which constitute an M × N grid. Each node of the grid represents an engine state (θ ENG , α). The motor speeds of MG1 and MG2 of each engine state can be calculated according to (5) and (6), and then the minimal and maximal allowable torques of MG1 and MG2 when dragging the engine can be looked up on tables. Second, MG1 and MG2 output T MG1_crank and T MG2_crank , respectively, to drag the engine into another state by overcoming the engine resistance torque T ENG . The solution sets ofθ ENG andθ L can be calculated by bringing all combinations of T MG1_crank and T MG2_crank into (24) and (25), from which the reachable states of each engine state after a period T s and the cost function value of the changing process can be obtained. Finally, the state when the system switches into engine-dragging mode is selected as the initial engine state (θ ENG_aim , α i ), and the state when the engine speed drops to zero is selected as the final state (0, α d ),
To minimize the sum of the values of the cost function during the mode transition process, the optimal trajectory from the initial engine state to the zero speed (25) state can be found by utilizing the dynamic programming algorithm.
C. TRACKING CONTROL OF OPTIMAL ENGINE SPEED TRAJECTORY
On the basis of utilizing the dynamic programming algorithm to design the optimal engine speed trajectory offline, the model predictive control algorithm is used for rolling optimization online. The motor torques of MG1 and MG2 when dragging the engine are calculated in real time, so that the engine speed can keep up with the optimal speed trajectory and the vehicle jerks during mode transition can be reduced. The optimal engine speedθ ENG_ref is selected as the reference value, and the actual engine speedθ ENG is selected as the state variable and the output variable. Assuming that the equivalent output load torque T L is approximately constant in the predicted time domain, the engine torque T ENG is obtained from the engine resistance model, and the control variables are T crank and T MG2_crank . Equation (24) can be rewritten as follows:θ
T MG2_crank (27) where
The state variable is discretized with period T s as follows:
Equation (29) is rewritten as follows:
where
The increment of the state variable is defined as (33):
The increment of the control variable is defined as (34):
Then
The new state variable is defined as
T , and the augmented matrix is presented by
Because the output and state variables are both onedimensional, I = 1 and o m = 0.
Let
Equation (36) can be rewritten as (38):
When the current time is defined as k i , the current state variable is x(k i ) =θ ENG (k i ), the length of the control domain is N c , and the length of the prediction domain is N p , N c ≤ N p . To reduce the amount of computation, N c is set as 3 and N p is set as 4. Based on the state space model (A, B, C), the following is derived:
where 
y(k i + 1 |k i ) represents the output variable at time k i + 1, andθ ENG (k i + 1 |k i ) represents the engine speed at time k i + 1. u(k i ) represents the variation of the control variable at time k i , T crank (k i ) represents the variation of T crank at time k i , and T MG2_crank (k i ) represents the variation of the torque of MG2 T MG2_crank when dragging the engine at time k i .
In order to make the actual engine speed as close as possible to the optimal speed trajectory, which is r(k i ) = θ ENG_ref (k i ), the cost function is defined as
and r w represents the adjustment variable.
The constraint conditions of the control variables are shown in (22) and (23) .
The necessary condition to get the minimal J is ∂J /∂U = 0, and then the optimal control sequence in the control domain is obtained as follows:
When the motor torques dragging the engine are calculated in real time, the first component of the optimal control sequence is taken as the increment of the control variable u(k i ) and
V. SIMULATION RESULTS AND ANALYSIS
Based on the MATLAB/Simulink platform, a compound power-split system model is established, and the coordinated control strategy designed for the mode transition process from e-CVT hybrid mode to pure electric mode on the braking deceleration condition is verified. 
A. SIMULATION AND ANALYSIS OF OPTIMAL ENGINE SPEED TRAJECTORY
The optimal engine speed trajectory is related to the initial and ending engine states. When the mode transition conditions are set as the vehicle speed v wh ≤ 40 km/h and the engine speedθ ENG ≤ 1100 r/min, the initial state of the engine is (1100 r/min, α i ). For each α i , there is a corresponding optimal engine speed trajectory. The ending state of the VOLUME 7, 2019 FIGURE 13. Dynamic performance test bench of compound power-split system. engine is (0,α d ), and α d is determined by the optimal engine speed trajectory corresponding to the minimum value of the cost function. Fig. 11 shows the engine speed trajectories corresponding to different ending crank angles of the initial states (1100 r/min, 0
• ) and (1100 r/min, 474 • ). When the initial engine speed is 1100 r/min, the initial crank angles 0 • and 474 • correspond to different speed trajectories. Different engine initial states correspond to different engine speed trajectories, and when the initial states are the same, different ending states correspond to different engine speed trajectories. Table 3 lists the cost function values corresponding to different engine initial and ending states. The cost function values are different when the engine initial and ending states are different. The engine speed trajectory corresponding to the minimum cost function value is selected as the optimal engine speed trajectory to minimize the longitudinal jerk. Fig. 12 shows the simulation results of the HEV switching from e-CVT hybrid mode to pure electric mode on the braking deceleration condition. As shown in Fig. 12(a) , the vehicle runs at a constant speed of 66 km/h, and the driver brakes at 13.14 s. The brake pedal opening is set to increase from 0% to 30% at 30%/s, and then remains at 30%. As shown in Fig. 12(b) , the vehicle decelerates to 16.83 s to meet the mode transition conditions and switches to engine-dragging mode, and then continues decelerating to 17.51 s and switches to pure electric mode. Mode 4 represents constant-speed driving, mode 5 represents braking deceleration in e-CVT hybrid mode, mode 6 represents braking deceleration in enginedragging mode, and mode 7 represents braking deceleration in pure electric mode. It can be seen from the brake pedal opening curve and the vehicle acceleration curve that the system can meet the braking demand of the driver during the entire braking deceleration process.
B. VERIFICATION OF MODE TRANSITION COORDINATED CONTROL STRATEGY
As shown in Fig. 12(c) and Fig. 12(d) , during the braking deceleration process, the engine speed starts to decrease when the driver brakes at 13.14 s, and the engine cuts off the fuel when the mode transition conditions are met at 16.83 s. The fuel injection ignition signal becomes 0, and the system switches to engine-dragging mode. Before optimization, the engine speed trajectory is designed according to the traditional ''S'' curve method with a maximum engine deceleration of 200 m/s 2 . The engine speed decreases with the fluctuations, and the maximum amplitude of the longitudinal jerk is 24.26 m/s 3 at 17.44 s. When the motors drag the engine to zero speed at 17.45 s, the system switches to pure electric mode, and wet brake B1 is engaged to lock the engine.
After optimization, the fluctuations in the output speed of the transmission are restrained with the active damping control method, and the model predictive control is used to determine the motor torques dragging the engine in real time and to track the optimal engine speed trajectory. As the engine speed decreases with fluctuations, the amplitude of the longitudinal jerk reaches a maximum value of 14.81 m/s 3 at 17.51 s. The maximum amplitude of the longitudinal jerk is reduced by 38.95% compared to the results before optimization.
It can be seen from Fig. 12 (e) that the changes in the amplitude of the longitudinal jerk are consistent with the changes in the motor torques and the speed of the output shaft. Before optimization, the amplitude of the longitudinal jerk reaches its peak value at 17.44 s, the torques of MG1 and MG2 fluctuate greatly, and the output speed reaches a trough value of 920 r/min. After optimization, the amplitude of the longitudinal jerk reaches its peak value at 17.51 s, and the output speed reaches a trough value of 976 r/min. Compared to the results before optimization, the amplitudes of the fluctuations of the motor torques and the output speed are reduced. At the same time, the output torques of MG1 and MG2 coincide with the analysis in Fig. 8 .
VI. MODE TRANSITION TEST ON DYNAMIC PERFORMANCE TEST BENCH
To further verify the effectiveness of the proposed mode transition coordinated control strategy of e-CVT hybrid mode to pure electric mode, a dynamic performance test bench is established in a semi-anechoic chamber, as shown in Fig. 13 . The test bench is mainly composed of a drive motor, compound power-split transmission, rear axle, and dynamometer system. The output torque of drive motor simulates the engine torque. The small motor MG1, large motor MG2, wet brakes B1 and B2, and the compound power-split device are integrated in the compound power-split transmission. The dynamometer system simulates the output load.
A schematic diagram of the dynamic performance test bench is shown in Fig. 14 . The C code of the designed mode transition coordination control strategy is automatically generated with the MATLAB/Simulink automatic code-generation tool and downloaded into the RapidECU rapid prototype controller. The RapidECU controller communicates with the drive motor controller, two motor controllers, brake control system, oil pump controller, and dynamometer system through the CAN bus. The host computer communicates with the RapidECU controller through the calibration protocol, sends demand torque instructions to the test bench, and receives the actual observed values such as the speed and torque.
The mode transition process from e-CVT hybrid mode to pure electric mode when the brake pedal opening is set to increase from 0% to 30% at 30%/s and then remains at 30% is tested on the test bench. The test results are shown in Fig. 15 . Before optimization, the traditional ''S'' curve method is used, with a maximum engine deceleration of 200 m/s 2 . After optimization, the optimal engine speed trajectory is tracked.
As shown in Fig. 15(a) and Fig. 15(b) , the engine speed drops to 1100 r/min in e-CVT hybrid mode, and then the fuel cuts off. At 2.5 s, the engine speed drops from 1100 r/min to 0, and the speed trajectories before and after optimization are different. Before optimization, the amplitude of the longitudinal jerk reaches 21.33 m/s 3 at 2.99 s, and the system switches to the pure electric mode at 3.63 s. Owing to the intervention of the brake torque of B1, the amplitude of the longitudinal jerk reaches a peak value of 22.58 m/s 3 at 3.77 s. After optimization, the fluctuation of the engine speed is smaller. When the system just enters the mode transition process, the amplitude of the longitudinal jerk is 13.06 m/s 3 at 2.71 s, and then gradually decreases. At 3.49 s, the system switches to the pure electric mode, and the amplitude of the longitudinal jerk reaches a peak value of 15.06 m/s 3 at 3.58 s owing to the intervention of the brake torque of B1. Compared with the results before optimization, the amplitude of the longitudinal jerk is reduced by 33.3%.
As shown in Fig. 15(c) , the changes in the amplitude of the longitudinal jerk are also consistent with the changes in the motor torques and the speed of the output shaft in the test results. Before optimization, the amplitude of the longitudinal jerk reaches a peak value at 3.77 s, the torques of MG1 and MG2 increase rapidly, and the output speed fluctuates greatly. After optimization, when the amplitude of the longitudinal jerk is larger at 2.71 s and 3.58 s, the torques of MG1 and MG2 and the output speed also fluctuate greatly. However, the amplitude of the fluctuation of the output speed is reduced compared to the results before optimization.
The test results show that the proposed control strategy can improve the ride comfort effectively during the mode transition process.
VII. CONCLUSION
This study focused on the mode transition process from e-CVT hybrid mode to pure electric mode on the braking deceleration condition of a compound power-split HEV. A powertrain dynamics model and engine resistance torque model of the engine shutdown process were developed to reflect the dynamic characteristics of the HEV system. The proposed braking deceleration strategy was able to match the mode transition and meet the driver's braking demand. By combining offline calculations and online tracking, a dynamic programming algorithm was utilized to design the optimal engine speed trajectory, and a model predictive control was utilized to track the optimal engine speed trajectory and determine the motor torques in real time during the engine shutdown process. The simulations and tests showed that compared with the traditional ''S'' curve method, the proposed control strategy was more effective in reducing the longitudinal jerk caused by torque changes in the power source and improving the ride comfort during the mode transition process under the premise of meeting the driver's braking demand.
Further work will focus on the following aspects. The coordinated control strategy of the compound power-split HEV during the braking deceleration process will be applied in vehicle experiments. In addition, the process of the intervention of wet brake B1 during engine shutdown and the optimal ending crank angle of the engine will be investigated. XUHUI TANG received the bachelor's degree from the Northwestern Polytechnical University of Vehicle Engineering, in 2017. She is currently pursuing the master's degree with the School of Automotive Studies, Tongji University, China. Her current research interest includes the development and optimization of the control strategy for power-split hybrid transmission. VOLUME 7, 2019 
